Since 1870, fairly consistent growth in the amount of carbon stored by the terrestrial biosphere has offset the equivalent of c. 29% of anthropogenic greenhouse gas emissions (Le Qu er e et al., 2015) . However, coupled carbon-climate models do not agree as to how this sink will be affected by projected changes in climate over the next century (Friedlingstein et al., 2014) . To help constrain this uncertainty, ecologists have used increasingly creative and innovative approaches to better understand the terrestrial carbon sink across multiple scales and levels of organization. For example, researchers are now considering coordinated responses of multiple ecosystem processes, utilizing an array of research methodologies and frameworks. These integrated approaches were on display during two organized oral sessions at the recent 100 th Annual Meeting of the Ecological Society of America: one titled 'Effects of climate warming on aboveground-belowground feedbacks in terrestrial ecosystems' and another titled 'Creative approaches for addressing ecological uncertainty in Earth System Models'.
The speakers in these two organized sessions demonstrated the use of integrated approaches to answering ecological questions to improve our understanding of how terrestrial ecosystems will respond and feed back to future climate change. Although achieving a mechanistic, quantifiable understanding of every process and feedback within and among ecosystems is not possible, considering the system as a whole, including processes not yet fully understood, is critical. Quinn Thomas (Virginia Tech, Blacksburg, VA, USA) concluded his talk on how nitrogen limitation is represented in Earth System Models (ESMs) (Thomas et al., 2015) by showing a photograph of a single tower of the Palace of Westminster overlaid on top of Monet's classic impressionist painting of the entire Palace, titled 'London Fog.' Thomas juxtaposed the clarity of the smaller tower photograph against the blurred background of the Palace in its entirety to caution the scientific community against focusing too narrowly on a particular ecosystem response to climate change simply because we understand only a subset of the ecosystem. This presentation illustrated the importance of taking a more integrated approach when trying to understand the complexities of ecosystem responses to global change, even if the entirety of the picture is not perfectly clear. This report provides examples of three integrative approaches to understanding terrestrial ecosystem responses and feedbacks to climate change on display at the meeting. These include: (1) focusing on the connection between aboveground and belowground processes; (2) using models to generate testable hypotheses; and (3) integrating observations, experiments, and modeling across a range of spatial and temporal scales.
Focusing on the connection between aboveground and belowground processes Changes in climate alter feedbacks between belowground and aboveground processes, which together affect whole ecosystem carbon exchange. Investigating feedbacks between aboveground and belowground processes can improve our understanding of the controls on individual processes, which can then be used to inform models. For example, results presented by Jianwu Tang (Marine Biological Laboratory, Woods Hole, MA, USA) highlighted the need to consider the relationship between belowground respiration and aboveground photosynthetic activity when projecting carbon loss in a changing climate. Tang measured carbon loss separately as stem respiration and soil autotrophic and heterotrophic respiration. A temporal relationship emerged showing that newly fixed carbon could be traced from the foliage to belowground respiration processes. This allowed for the detection of photosynthetic control of soil respiration rates (Tang et al., 2005) . Teasing apart the aboveground and belowground responses and acknowledging the linkage between photosynthesis and respiration allows for better estimation of respiration responses to warming and is important for modeling ecosystem carbon fluxes (Migliavacca et al., 2011) .
Focusing on just one ecosystem component is useful for determining direct process-level mechanisms, but a more complete accounting of both aboveground and belowground carbon fluxes to the atmosphere is required to determine the net carbon feedback response to warming. This idea was highlighted by Jeff Dukes (Purdue University, West Lafayette, IN, USA), who described a field manipulation experiment outside Boston, MA where grassland species and tree seedlings grew under 12 different combinations of warming and precipitation addition or removal. Warming heightened the sensitivity of aboveground biomass to precipitation; aboveground plant growth increased under warmer and wetter climate conditions, and decreased under warmer and drier conditions (Hoeppner & Dukes, 2012) . However, soil respiration also became more sensitive to precipitation with warming (e.g. Suseela & Dukes, 2013) . As a result, net ecosystem exchange over the growing season did not respond more strongly to precipitation in the warmed treatments. Failure to examine both the inputs and outputs of carbon would have led to biased conclusions about effects of climate on carbon exchange from this ecosystem.
There are implicit challenges in attempting to realistically simulate the projected effects of global changes in terrestrial ecosystems, but even imperfect experimental manipulations can provide important insight. Serita Frey (University of New Hampshire, Durham, NH, USA) pointed out that in order to resolve aboveground effects of warming in large stature ecosystems such as temperate forests, a substantial investment in infrastructure is required, which limits experimental replication. Smaller scale, replicated studies that do not fully encompass all forest ecosystem components can be incorporated into a more integrated approach, though they limit the type of aboveground responses that can be examined. Challenges also exist in periodically inundated systems such as salt marshes, where air and soil temperatures can be decoupled by the influx of tidal water, minimizing or eliminating any soil warming from passive heating structures above. Joanna Carey (Marine Biological Laboratory, Woods Hole, MA, USA) described a new salt marsh experiment using open-top chambers where cool, tidal waters and solar radiation regulate soil temperatures differently than air temperatures, providing an opportunity to tease apart the impacts of warming of aboveground and belowground components in isolation to elucidate process mechanisms that can be useful for model integration (Smith et al., 2014) .
Using models to generate testable hypotheses
For decades, the responses of relevant processes and feedbacks to global change elucidated in experiments have been used to help inform and parameterize ESMs. In fact, research networks such as INTERFACE in the United States and CLIMMANI in Europe have been created to help facilitate such interactions between field ecologists and modelers (Leuzinger & Thomas, 2011; Dukes et al., 2014) . Belinda Medlyn (University of Western Sydney, Sydney, Australia) discussed how the free-air CO 2 enrichment (FACE) Model-Data Synthesis project identified a number of processes and parameters well studied by the experimental community that models tend to simulate well, and other processes for which model assumptions are inconsistent with experimental data or absent from the models. However, many processes and parameters remain inadequately described in empirical work and, consequently, poorly simulated by models (Medlyn et al., 2015) . While experimental results have proven useful for helping to improve and benchmark models (Medlyn et al., 2015) , it has been less common for scientists to use models to help inform subsequent experiments. Medlyn joined several other speakers (e.g. Gordon Bonan, National Center for Atmospheric Research, Boulder, CO, USA; Charles Koven, Lawrence Berkeley National Laboratory, Berkeley, CA, USA) in calling for modelers and experimentalists to work together at the beginning and throughout an experiment to identify the processes, feedbacks, parameters, and assumptions within models that lead to the greatest uncertainty in simulations. These iterative model-data comparisons can be used to test the proposed theory of ecosystem function underlying the models. For example, Medlyn described a new FACE experiment in Australia, where seven different models were used to predict ecosystem response to the planned treatments (Norby et al., 2016) . The differences in model projections based on the individual model assumptions will guide the prioritization of measured responses as the experiment moves forward. If such collaborations are done early in empirical work, experimentalists can focus on measurements that will lead to the greatest possible improvement in model performance and structure.
Incorporating modeling studies into experimental designs can often be daunting to experimentalists, particularly those without experience performing simulations with complex models. To help integrate modeling into experimentalists' toolboxes, Mike Dietze (Boston University, Boston, MA, USA) highlighted the PEcAn project, which is, in part, designed to reduce the difficulty of performing ecosystem model simulations. PEcAn provides a userfriendly, web-based interface for running ecosystem model simulations using multiple ecosystem-scale models (Dietze et al., 2013) . Initiatives such as the PEcAn project are creative ways to make ecosystem models accessible to researchers without the technical expertise to run them on their own and thus promote modeling as a toolto beusedthroughoutmanystagesof experimentaldevelopment.
Integrating observation, experiments, and modeling to span a range of spatial and temporal scales
The processes underlying ecosystem responses to climate change are difficult to characterize in large part due to their spatial and temporal variation. Nonetheless, researchers at the two sessions discussed creative ways to tackle issues dealing with scaling. John Harte (University of California, Berkeley, CA, USA) explained how results from a 25-yr experiment at the Rocky Mountain Biological Laboratory were used to inform a model that was tested at multiple sites. Over the first 15 yr of the experiment, large declines in soil carbon content were observed in warmed plots as a result of reduced net primary production, which led to declines in litter inputs to the soil. However, in the following 10 yr of the experiment, soil carbon stocks in the same warmed plots exhibited a puzzling recovery, with no apparent change in heterotrophic respiration (Harte et al., 2015) . By assessing the concurrent, warming-induced shift in species composition from forbs with high litter quality to shrubs with lower litter quality, the recovery of soil carbon later in the experiment could be explained by changes in soil carbon inputs from these sources. Incorporating observations of aboveground-belowground feedbacks into simple, validated models (e.g. Saleska et al., 2002) could allow for extension of experimental work into broader geographical and ecological ranges and help researchers identify ecosystems in which experimentally observed changes could produce important feedbacks to warming.
Trevor Keenan (Macquarie University, Sydney, Australia) discussed an integrated data-modeling approach to explore the controls over leaf phenology, which is often poorly represented in large-scale models (Richardson et al., 2012) , across the entirety of northern hemisphere deciduous forests. Keenan tested phenology components most commonly included in land surface models and evaluated them against observational data at multiple spatial scales. He found that, for autumn phenology, several different process representations reproduced the observations equally well, but gave very different projections of the response to future warming (Keenan & Richardson, 2015 New Phytologist parsimonious temperature-driven model seemed to match site-level observations best and, when scaled to the globe, temperature-driven models could accurately predict observed global spring phenology patterns. This work illustrated how multiple observational data sources and models constructed at varying spatial scales can reveal new insights into terrestrial biosphere processes such as leaf phenology that are critical for simulating carbon exchange.
Many of the other speakers in these sessions shared additional examples of research that incorporates multiple ecosystem processes and leverages diverse frameworks to better assess ecosystem responses to global change. Together, these sessions demonstrated how integrative research efforts could transform scientific understanding of the impacts of climate change on land-atmosphere carbon exchange. Moving forward, ecologists will benefit from continued efforts to integrate ecosystem processes, even those that are not fully understood, into models at a variety of scales, from simple models to ESMs. The approaches discussed in these sessions should spur empiricists to refine process understanding in a manner that will subsequently improve model representations and progressively reduce the uncertainty surrounding terrestrial responses and feedbacks to climate change.
